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ABSTRACT
Describing a putative corollary discharge circuit in Drosophila
Kaitlyn N. Boone

Corollary discharge (CD) circuits provide critical information about movement and
behavior to provide context to sensory processing. However, to date, there has not been a
comprehensive study of CD circuits at a single-cell level. In this thesis, I aimed to resolve the
connectivity of ascending histaminergic neurons, consisting of two pairs, the mesothoracic pair
(MsAHNs) and metathoracic pair (MtAHNs) at a single-cell level and characterize contexts of
activation. Using transgenic techniques, connectomics and transcriptomics, we identify neural
populations receiving input from the AHNs and neural populations with significant output to the
AHNs. We explored where the AHNs predominantly receive synaptic input or send synaptic
output. We show that the AHNs are the sole source of histamine to the AMMC and HisClB
receptors are broadly expressed in Johnston Organ neurons (JONs). I show that in addition to fast
inhibition on JONs, the MtAHNs express diuretic hormone 44 (DH44) neuropeptide and target
second order mechanosensory neurons in the saddle and vest. In addition to transmitter
expression, I show that the AHNs have differential receptor expression and are targeted by
different population of neurons. Finally, I show that the AHNs during courtship and solitary
states, have different baselines of activity among the two pairs.
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CHAPTER 1: INTRODUCTION
As an animal navigates its environment, complex sensory networks are activated and
shape the perception and behavior of that animal. In any mobile animal, we expect that during
locomotion, sensory receptors will become activated in the same way as if the animal were
stationary. For example, if we brush up against something, activation of those receptors would
be the same as if something were to reach out and touch us. However, we are able to make
these distinctions- we are never surprised by our own touch or the sound of our own voice. In
order to navigate our environment appropriately, we must be able to distinguish sensory
activation from the external world (exafference), from activation produced from one’s own
behavior (reafference). Corollary discharge circuits (CD circuits), are populations of neurons that
allow sensory systems to make this distinction. There are examples of CD circuits mediating
sensory processing and perception across the Animal Kingdom, but the impact they have on
sensory networks has shown to have diverse functionality. All CD circuits send information
about locomotor activity, but the way motor information is used leads to further classification.
Low order CD circuits intervene along the sensorimotor pathway, functioning to filter out
reafference or inhibit reflexive motor responses. Low order CD circuits can take on many
configurations, but one common characteristic is targeting of sensory afferents. Sensory
afferents transduce mechanical, thermal, visual and chemical information. By inhibiting sensory
afferents, low order CD circuits inherently filter out sensory activation as a consequence of
behavior. CD circuits can also participate in sensory analysis and sensorimotor planning and
learning. These types of CD circuits are considered high order. High order CD circuits do not
function to filter out reafference, they instead influence the analysis and stability in perception
(Crapse & Sommer, 2008). In other words, high order CD circuits contribute to perceptual
cohesion, or the perception that our world is continuous and stable, rather than in pieces of
information as may be received at the receptor level (Crapse & Sommer, 2008).
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An important characteristic of all CD circuits is they relay information about motor
commands to higher order brain regions. Thus, we expect that neural populations involved in a
CD circuit will show temporal representation of the motor command. In a CD circuit,
representation may be a distinct pattern of firing preceding the behavior. However, signals can
also be an exact copy of the motor command (an “efference copy”) (SPERRY, 1950)(von Holst
& Mittelstaedt, 1950) and have been extensively studied in vision stabilization. In Xenopus
tadpoles, motor copies from spinal central pattern generators (CPGs) produce conjugate eye
movements that counteract opposing horizontal head displacement during tail-based locomotion
(Lambert et al., 2012). There are many examples of CD circuits functioning across modalities.
Below, I will discuss examples of CD circuits across sensory modalities, which are uniquely
driven to maximize sensory processing in the behavioral context of that species.

Lower order CD circuits
Acoustically communicating animals can produce intense vocalizations. One would
expect that high amplitude vocalization would result in desensitization of auditory neurons tuned
to externally derived sound, however that is not the case. For example, male field crickets sing
to attract their female mate. Mating calls are generated by rubbing together specialized areas of
the forewing called tegmina, also known as stridulation (Pollack, 1990). During stridulation, we
expect that the auditory system of the calling male would become active during song production
and essentially deafen the cricket from hearing other sounds. However, CD circuits from motor
networks that control stridulation prevent this from happening. The auditory pathway in crickets
consists of auditory interneurons that ascend from the prothoracic ganglia to the brain, which
have tuning properties to different amplitudes of sound (Boyan & Williams, 1982). Auditory
neuron 1 (AN1) responds to low frequency sound, ~4.5 kHz, while a second auditory neuron
(AN2) responds to higher frequencies, ~10-30 kHz (Wohlers & Huber, 1982). It was thought that
AN2 played an important role in detection of high frequency courtship songs (Wohler & Huber,
2

1982). However, if that is the case, then we expect that during self-produced courtship song,
these cells would be activated. Interestingly, recordings from the two ascending auditory
neurons, showed low amplitude hyperpolarizing potentials during bouts of fictive chirps, as well
as during silent chirps (one wing). Further, spiking activity of the auditory neurons were inhibited
during fictive chirps. This suggested that inhibitory signals recorded were originating from CPGs
of stridulating motor networks (Poulet & Hedwig, 2003). So, during stridulation, motor signals
sent from low order CPGs inhibit auditory interneurons. Thus, in this example a low order CD
circuit filters out reafference to prevent desensitization.
Low order CD circuits also play an important role in reflexive motor response. Reflexes
are an involuntary motor response often studied in the context of escape behaviors. In many
cases, a basic motor pathway with significant convergent input from sensory afferents can
activate the response. Interestingly, these circuits with significant input from primary afferents,
do not become habitually activated during the behavior. One of the earliest examples of this was
shown in crayfish. Crayfish preform two types of escape response dictated by two bilateral pairs
of giant fiber (GFs) command neurons Kranse, 1997), both of which receive convergent input
from mechanosensory hair cells. During the activation of these GFs one would expect the
consequential reactivation of sensitive tactile receptors, however, sensory afferent terminals are
inhibited, preventing habituation and disruption of the escape response.
Similarly, in C. elegans, escape responses consist of two forward and backward
movements which can serve to protect the animal from potential danger. When the C. elegans
moves forward, head receptors should be activated and send the C. elegans backwards
(Rankin et al., 1990). However, the pathway for backward reflex is inhibited during the opposite
behavior (Chalfie et al., 1985). In both cases inhibition of reflex prevents habitual reactivation,
which ultimately would lead to desensitization. However, nonetheless all examples highlight the
common functionality of low order CD circuit gating sensory input at lower levels of the pathway.
3

Higher order CD circuits
As mentioned earlier, high order CD circuits function to stabilize, enhance and entrain
sensory processing. High order CD circuits have mostly been demonstrated in vertebrate
animals. A common and well understood example is in saccadic eye movement. Saccadic eye
movement is a form of active sampling, allowing the animal to accumulate information about
their visual environment in the form of rapid eye movements. Though the eyes move in a
ballistic-like manner, our perception of the visual field remains stable. Vision stabilization was
thought to be mediated by transformation of visuovestibular signals into extraocular motor
commands to compensate for image slips during locomotion. However, when shifting your gaze
from one point of focus to another, visually responsive neurons in the Frontal Eye Field (FEF)
shift their receptive field to the future field before the motor command is executed (Umeno &
Goldberg, 1997). This left speculation that visual processing centers in the brain must be
receiving some predictive signal about immanent movement, coining the term CD circuit and
efference copies (Sperry, 1950). The first and most well characterized CD circuit for vision
stabilization was identified in primates, where a circuit from the Superior Colliculus, relaying to
the mediodorsal thalamus, on to the FEF, was found to increase firing rate before the execution
of a saccade (Sommer & Wurtz, 2008).
Examples of high order CD circuits have also been demonstrated in olfaction. In
olfaction, behaviors such as antennal flicking, sniffing and wing beating shape the temporal
structure of odor plumes. For example, moths cast back and forth through odor plumes as an
active sampling behavior in odor guided flight. Wing beats during active sampling increase
turbulence and generate oscillatory airflow over olfactory sensing organs of the antennae (Sane
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et al., 2007). However, it was unclear if increased airflow at wing frequency was an
advantageous adoption for odor tracking performance. Lesion studies in B. mori (a flightless
moth), show that during mating rituals, male moths will beat their wings vigorously to track the
female sex pheromone. Ablation of the wings, results in loss of the ability to find the source
(Obara, 1979), suggesting the behavior has been conserved within flightless moths. In Manduca
sexta, it was shown that odor pulses at wingbeat frequency could be readily tracked, and the
ability to entrain to an odor was shown to be much higher when moths were presented with a
pulse around wingbeat frequency, rather than as a continuous or prolonged presentation (Houot
et al., 2014; Tripathy et al., 2010). This suggests that the system in moths has evolved in a way
that allows encoding of odors and increases entrainment, at wingbeat frequency. Interestingly, it
was previously shown in head preparations of M. sexta, that moths cannot track odor pulses
above 10 Hz, much lower than that of wingbeat frequency (~28 Hz). This left speculation that
severance of the ventral nerve cord (VNC) abolished important flight motor signals being sent to
the brain.
The antennal lobe (AL), is the primary olfactory processing center of the insect brain.
Within M. sexta, there is only one known ascending circuit that projects from flight motor
networks in the VNC to the AL. The circuit consists of a pair of histaminergic cells with ventrally
located somas in the mesothoracic neuromere (Chapman et al., 2017). Within the insect
nervous system, there are only two types of histamine receptors, HisClA and HisClB. In the AL
of M. sexta, only ~ 16 local GABAergic local interneurons, which innervate all glomeruli, express
the HisClB receptor. Spiking activity of the AHNs was shown to be positively correlated with
wing motor output with increases before bouts of fictive flight (Chapman et al., 2018).
Application of a histamine blockade showed a reduced entrainment to odor plumes, suggesting
that the circuit was not simply filtering out reafference, but instead, uses it to their advantage in
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sensory processing. This suggests that the AHNs in M. sexta are functioning as a high order CD
circuit in olfactory processing.

Conservation of the ascending histaminergic circuit in insects
Are the AHNs an important CD circuit in olfactory processing across species, or is this
an example of co-option of a circuit that serves a different purpose in other insects?
Anatomically, these pairs of ascending histaminergic neurons appear to be well conserved
across arthropods. However, the functionality of the AHNs and histamine in mechanosensation
in other insects is not known. The AHNs described in M. sexta presents the only known CD
circuit involved in olfactory processing. Innervation of the AL by the AHNs is well conserved
across macrolepidopteran moths, as well as the Microlepidoptera and Trichoptera, but it is not
present in all insect species (Chapman et al., 2017). It should be noted that innervation of the
AL is not found in butterflies, which are Macrolepidoptera but are diurnal insects, while most
moth species are nocturnal. Likely the shift in reliance on the visual system in butterflies to
locate food, along with differences in flight mechanics, drove the loss of this trait. However,
there are many morphological characteristics that remain consistent across many species. The
AHNs have two pairs of ventrally located somas, one pair in the mesothoracic neuromere
(MsAHNs) and the second in the metathoracic neuromere (MtAHNs). The MtAHNs have radial
planar projections within the neuromere and additional ascending projections to the brain
(Chapman et al, 2017). Beyond targeting the AL, the MsAHNs have additional targets to the
antennal motor and mechanosensory center (AMMC) and the suboesophageal zone (SEZ) in
the brain. In crickets (Horner et al, 1996) and locusts (Pätschke & Bicker, 2011), the AHNs
target the AMMC and SEZ but do not target the AL. The AMMC is well characterized as the
primary auditory processing center in the brain, while the SEZ houses circuitry associated with
feeding behavior as well as other sensory and motor control of insect mouth parts (Lai et al.,
2012; Sinakevitch et al., 2005). Additionally, ascending histaminergic fibers with ventrally
6

located cell bodies of the mesothoracic neuromere were shown in mealworms and milkweed
bugs, as well as the maxillulary cephalic neuromere of crustaceans (Mulloney & Hall, 1991).
However, the rise of the histaminergic ascending circuit and its original functionality is not
known. Yet, the conserved characteristic of motor-to-sensory morphology suggests an important
modulatory circuit sending motor signals to sensory processing regions of the brain.

The ascending histaminergic circuit in Drosophila
The AHNs of both the mesothoracic neuromere and the metathoracic neuromere
maintain a similar architecture observed across many insect species. Within the CNS of
Drosophila melanogaster, however, the MsAHNs have ascending targets to the AMMC
and SEZ. The MtAHNs send axons to the saddle and vest, neither pairs have terminals
within the AL. As previously mentioned, the AMMC is the primary acoustic processing
center in the brain. The AMMC is innervated by descending sensory afferents from the
pedicel of the antennae called the Johnston Organ neurons (JON’s). The JON’s consist
of ~500 chordotonal stretch receptors that project to the AMMC and cluster in a zonespecific fashion (Boekhoff-Falk & Eberl, 2014). Zone classification is primarily
characterized by tuning properties that can be separated into two distinct modalities.
The first, are zones A and B, which have been shown to respond almost exclusively to
specific frequencies of vibration, while zones C and E sense forward and backward
deflection of the antennae, respectively (Kamikouchi et al., 2009). It should be noted
that the majority of neurons in the AMMC-AB zones target brain regions known as the
saddle and ventral lateral protocerebrum (VLP, which the wedge resides in), while
AMMC-CE neuron projections remains poorly defined. The saddle is a synaptic neuropil
covering both the posterior and anterior surface of the gnathal ganglia and houses the
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AMMC (Ito et al., 2014). The saddle is extensively innervated by projection neurons
from the AMMC, suggesting a function in second order auditory processing (Matsuo et
al., 2016). The vest is a bilaterally paired neuropil situated at the ventral boundary of the
saddle. Classifications of the types of neurons that arborize the vest are still being
explored, however, (Tuthill & Wilson, 2016) found that newly characterized second
order neurons targeted by bristle sensory afferents along the legs, projected across all
thoracic neuromeres and terminated in the vest. This is suggestive that the vest
receives sensory information about leg movements during behavior but ultimately the
vest remains poorly defined.
Histamine in insects
Histamine is the fast neurotransmitter of the compound eye in insects and other
arthropods, but it is also expressed throughout the CNS. There are two histamine receptors in
the nervous system of insects, HisCL1 and Ora transientless (HisCl2). Both receptors are
histamine-gated chloride channels. The functionality of each receptor and preference for a
receptor is not fully understood. In sleep and wake cycles of Drosophila melanogaster, in the
absence of cryptochrome, it was shown that both receptors contributed to entrainment of clock
neurons, while the absence of one or the other results in a loss in entrainment (Alejevski et al.,
2019).
In Drosophila, histamine expression is found in both the central and peripheral nervous
system. Histamine has been speculated to play an important role in temperature sensing and
circadian rhythm and is a strong candidate in mechanosensation (Hong et al., 2006) (Hamasaka
et al., 2005). Histamine candidacy as an important factor of mechanosensation came from a
study showing most mechanoreceptor hair sensilla of the cuticle express histamine and appear
to play an integral part of grooming behavior (Buchner et al., 2004; Melzig et al., 1996).
8

However, how histamine modulates behaviors that rely on mechanosensation remains widely
unknown and to date, how histamine signaling in the AMMC modulates behavior has not been
shown.
Studying the AHNs in Drosophila
The MsAHNs in Drosophila melanogaster, are morphologically similar to those described
in moths but ascend to the saddle and vest in the brain, rather than the AL. An important thing
to note, in Drosophila melanogaster, the MsAHNs are targeting regions of the brain involved in
mechanosensation, and not regions associated with sound detection. The conservation shown
in AHNs projecting to the AL suggest a vital CD circuit in odor guided behaviors, but what
behaviors are being modulated by AHNs that have not been co-opted for olfaction?
The architecture and functionality of the MtAHNs in M. sexta and other insect species
remains poorly characterized but in D. melanogaster, the availability of genetic tools and EM
datasets will allow an extensive look into their morphology. The MtAHNs maintain ventrally
located cell bodies but have extensive projections throughout contralateral anterior leg and wing
neuromeres, as well as ascending axons to the brain. Within the brain, the MtAHNs are the only
source of histamine in the AMMC. The functionality of the MtAHN circuit and how histamine
signaling modulates sensory processing in the AMMC is unknown. It’s important to note that the
saddle and vest are not as well characterized as the AMMC. It could be that these cells are
functioning as a CD circuit targeting multiple levels of sensory processing within the same
modality, rather than separate modalities. Further, examining the histaminergic circuit in
Drosophila melanogaster, presents unique advantages to study a well conserved CD circuit at
synaptic resolution. Indeed, the sensory centers targeted by each pair suggest the possibility
that each pair functions to modulate sensation in two separate behaviors. However, to fully
understand the functionality, we must identify the types of cells that are targeted by the AHNs.
For example, if the AHNs exclusively target sensory afferents in the AMMC, we might expect
9

that this circuit is filtering out reafference during some form of vocalization. Of equal importance,
sources of synaptic input to the AHNs will allow an understanding of what aspect of motor
outputs are being sent to the brain. Finally, we must understand the behavioral context at which
the AHNs become active. Taken together, this will begin to characterize the first CD circuit
modulating for mechanosensation and auditory processing at single cell resolution.
Previous studies showing the AHNs function as a high order CD circuit in olfactory processing,
as well as the conserved characteristic morphology of primary dendrites arborizing motor
networks in the VNC, with projections to sensory centers, suggest this CD circuit is still
functioning as a CD circuit in Drosophila melanogaster. In order to determine how the AHNs
modulate sensory processing, the neural circuitry must be resolved. Additionally, context of
AHN activation will provide insight into the behavioral significance of the circuit in freely
behaving animals. The goal of this thesis is to: 1. using immunocytochemistry, characterize the
neural targets in the brain targeted by the AHNs; 2. using immunocytochemistry, transgene
reporters of endogenous histamine receptors expression and a whole VNC electron microscopy
(EM) volume, identify neurons providing input to the AHNs; and 3. using intracellular calcium
reporters, demonstrate the behavioral context of activation of the AHNs. In accomplishing this,
we will characterize a CD circuit in mechanosensation and auditory processing at synaptic
resolution. Previous studies in moths provided significant insight into how the AHNs functioned
to enhance sensory processing by means relevant to the flight mechanics within the species.
However, genetic limitations have prevented characterization of full neural circuitry of the AHNs.
Drosophila melanogaster is a genetically tractable system, that will provide a deeper
understanding of how the AHNs function in sensory processing in animals where the AHNs
have not been co-opted for olfactory processing.
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CHAPTER 2: Identifying the circuitry of the histaminergic ascending corollary
discharge circuit in Drosophila
The contents of this thesis are unpublished

ABSTRACT
Corollary discharge (CD) circuits provide critical information about movement and
behavior to provide context to sensory processing. However, to date, there has not been a
comprehensive study of CD circuits at a single-cell level. In this thesis, I aimed to resolve the
connectivity of the ascending histaminergic neurons (AHNs) at a single-cell level and
characterize contexts of activation. Using transgenic techniques, connectomics and
transcriptomics, we identify neural populations receiving input from the AHNs and neural
populations with significant output to the AHNs. We explored where the AHNs predominantly
receive synaptic input or send synaptic output. We show that the AHNs are the sole source of
histamine to the AMMC and HisClB receptors are broadly expressed in Johnston Organ
neurons (JONs). Additionally, I show that the MtAHNs express DH44 neuropeptide as well as
projection neurons in the AMMC and saddle. Second, in a joint effort and collaboration with the
Wei lab, we identified descending neurons with significant synaptic input to both AHNs and
show that a top input contributor, DNg02s, are cholinergic and likely send excitatory input to
both AHNs. Finally, I show that AHN pairs have differential baselines of activity and are likely
influenced by different motor behavior.

INTRODUCTION
As we move about our environment, we rely on our sensory system to process the information
around us and help us plan and execute our next move. However, sensory activation can come
from two potential sources, one external, from a stimulus met in the environment (exafference)
and the other, self-produced (reafference), as a direct result of our behavior. How is the nervous
system able to differentiate sensory activation between the two sources? Corollary discharge
16

circuits (CD circuits) function to provide context for sensory activation and allow the nervous
system to make this critical distinction. CD circuits have been described across the animal
kingdom but exist in two distinct categories which produce a dichotomy in how sensory
processing in modulated. The first category is lower order CD circuits, which function to filter out
reafference and play an important role in preventing desensitization of sensory receptors. A
trademark for lower order CD circuits, is the direct targeting of sensory afferents. For example,
auditory neurons in crickets are silenced during mating to prevent deafening themselves from
their own stridulation (Poulet & Hedwig, 2003). Lower order CD circuits have also been
demonstrated in C. elegans to play an important role in reflex inhibition (citation). High order CD
circuits play a contrasting role and do not filter out sensory activation, but rather, intervene along
the sensory motor pathway and enhance stimulus entrainment and stabilize perception. For
instance, during eye saccades, neurons in the frontal eye field shift their receptive field to the
future visual field before the saccade is executed, allowing for ballistic-like eye movements
without a blurred perception (Umeno & Golderberg, 1997).
Though CD circuits are vital for sensory processing and have been implicated in human
disorders like schizophrenia (cite), there has not been a comprehensive study into the
connectivity of theses circuits at a single-cell level. In M. sexta, an ascending histaminergic
circuit comprised of two pairs of cells in the ventral nerve cord (VNC), were shown to function as
a high order CD circuit in olfactory processing (Chapman et al. 2018). Homologs of the
histaminergic circuit have been demonstrated in several insect species (Chapman et al. 2018)
but lack the arborization in the antennal lobe, as was shown in moths. This suggests that these
ascending neurons were coopted for olfaction and a basal state at which the histaminergic
circuit likely functions in a different sensory modality in other insect species. Drosophila
melanogaster presents a unique opportunity to study the basal state of this CD circuit at a
single-cell resolution. Using this model, I explore the connectivity of the ascending histaminergic
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circuit (AHNs) to understand where along the sensory pathway these cells intervene in sensory
processing and what kind of information is being integrated to be sent to the brain. Here we
describe an ascending histaminergic circuit that receives extensive descending signals from the
brain, and that both AHN pairs receive significant input from cholinergic DNg02 neurons
involved in wing and abdominal activity (Cande et al. 2018). I also show that the AHNs have
differential receptor expression and can be affected by different populations of neurons.
Additionally, I show that the MtAHNs coexpress a neuropeptide which are likely used to target
second order mechanosensory neurons. Finally, the AHN pairs appear to have differential
baselines of activity and are likely influenced by different motor behaviors.
MATERIALS AND METHODS

Fly stocks:
All fly stocks were raised on a standard cornmeal/agar/yeast medium at 24°C on a 12:12
light/dark cycle at ~60% humidity.
R48H10-GAL4 (BDSC # 50395), Hsflp;;MCFO-1/TM3,sb (BDSC # 64085), w[1118]; L[1]/CyO;
P{w[+mC]=UAS-DenMark}3, P{w[+mC]=UAS-syt.eGFP}3 (BDSC # 33065), R84G04-GAL4
(BDSC # 40403), ;;R79G06/TM3 (Plasmid Dacks), ;;T2A-gal4{ORT}T2A-gal4 (BDSC # 84645),
;;T2A-gal4{HisClB}T2A-gal4 (BDSC # 84681), TI{2A-GAL4}AstC[2A-GAL4]/CyO (BDSC #
84595), w[*]; TI{2A-GAL4}Dh44[2A-GAL4]/TM3, Sb[1] (BDSC # 84627), w[*] TI{2AGAL4}Dop2R[2A-GAL4] ( BDSC # 84628), TI{2A-GAL4}GluRIA[2A-GAL4] (BDSC # 84640),
TI{2A-GAL4}Rdl[2A-GAL4]/TM3, Sb[1] ( BDSC # 33065), TI{2A-GAL4}Rdl[2A-GAL4]/TM3, Sb[1]
(BDSC # 84688), VT039465-p65ADZ in attP40 VT023750-ZpGdbd in attP2 (Janelia Research
Campus, ID# 3018675), w* 10XUAS-IVS-mCD8::RFP}attP18 P{y[+t7.7] w[+mC]=13XLexAop2mCD8::GFP;; (BDSC # 32229), w*;;Trojan-lexA.chAT/TM6b (BDSC # 60319), w*;UASCbeta\DT; (BDSC # 25039), w*;;Trojan-lexA.GAD/TM6b.
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Table 1: Fly stocks used for experiments
Figure

Experiment

figure 1

singly labeling the AHNs

figure 2

axon and dendrite labeling of AHNs

figure 3

histamine labeling of the VNC

figure 4

labeling histamine receptors

figure 6

labeling of DH44 and receptor

figure 8

DNg02 chAT expression

figure 10

coexpression of receptors

Genotypes
Hsflp;;MCFO-1/TM3,sb ; w[1118];; GMR48H10GAL4}
w[1118]; L[1]/CyO; P{w[+mC]=UAS-DenMark}3,
P{w[+mC]=UAS-syt.eGFP}3m ; w[1118];; GMR48H10GAL4}
w[1118];; GMR48H10-GAL4}
Hsflp;;MCFO-1/TM3,sb ; ), ;;T2A-gal4{HisClB}T2A-gal4 ;
;;T2A-gal4{ORT}T2A-gal4
w*;;40XUAS-IVS-mCD8::GFP, w[*]; TI{2A-GAL4}Dh44[2AGAL4]/TM3, Sb[1], y[1] w[*];
TI{GFP[3xP3.cLa]=CRIMIC.TG4.2}Dh44-R1[CR00985TG4.2]
w*;;Trojan-lexA.chAT/TM6b, VT039465-p65ADZ in
attP40 VT023750-ZpGdbd in attP2
w[*] TI{2A-GAL4}Dop2R[2A-GAL4] , TI{2AGAL4}GluRIA[2A-GAL4, TI{2AGAL4}nAChRalpha6[2A-GAL4]/CyO

Identifier
64085, 50395
33065, 50395

50395, 25039
64085, 84681, 84645
32185, 84627, 83237

60319, , Janelia, ID# 3018675
84628, 84640, 84665,

IMMUNOCYTOCHEMISTRY
Intact brain and ventral nerve cords were dissected out in Drosophila saline and fixed in 4%
paraformaldehyde (PFA) at 4C for 30 minutes, unless counterstaining for histamine in which
samples were fixed in 4% carbodiimide in PBS for 2 hours before post fix in PFA. Samples were
then washed 4X in PBST (PBS with 0.5% Triton X-100) and after blocked for 1 hour in 4% BSA
(in PBS with 5% Triton X-100 and 50mM sodium azide), except when labeling for histamine in
which 5% normal goat serum was used as the blocking agent. Primary antibodies were applied
for 24-48 hours (see Table 2 for antibody details) at 4°C with agitation. After, samples were
washed 4X in PBST and blocked (as described above). Secondary antibodies were applied and
incubated for 48 hours in 4C with agit. Samples were then washed 2X PBST and 2 X PBS
before being ran through increasing glycerol series (40%, 60% and 80%) for 10 minutes each.
Samples were mounted in VectaShield. Images were analyzed with an Olympus FV1000 BX61
(Shinjuku, Tokyo, Japan) confocal, using Fluoview FV1000 software with a 20X UPlanSApo 40x
UPlanFL-N or 60x PlanApo-N oil-immersion objective.
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Table 2: antibodies used in experiments
Antigen
RFP
GFP
DsRed
GFP (GRASP)
HA-Tag
N-Caderin
FLAG
anti-Histamine
AlexaFluor 488 (chicken)
AlexaFluor 488 (Rab)
AlexaFluor 546 (mouse)
AlexaFluor 647 (Rat)

Species
Rabbit
Chicken
Rabbit
Mouse
Rabbit
Rat
Rat
Rabbit
Donkey
Goat
Donkey
Donkey

Manufacturer, catelog #
Rockland, #600-401-379
Abcam, #ab13970
Clontech Laboratories, #632496
Sigma-Aldrich, #G6539
CST, #3724
DSHB, #DN-Ex #8
Novus Bio NBP1-06712
#22939
Life technologis A21202
Jackson 122188
Invitrogen, #A-10036
Abcam, #ab150155

dilution uL
1:500
1:1000
1:250
1:100
1:250
1:100
1:250
1:1000
1:1000
1:1000
1:1000
1:1000

Identifying behavioral context of AHN activation using TRIC
To analyze AHN activation during courtship vs. solitary, 3 groups of flies were used. All
groups contained either virgin males or females collected 0-4hrs old, that were singly housed in
25X29mm plastic vials until the start of the trial. The first group consisted of males kept in
solitary. The second group consisted of males relocated to vials with 7-10 virgin females and
allowed to court vigorously. The control group consisted of females kept in solitary. Courtship
assays had a duration of 2 hours and then were promptly removed and dissected for
immunostaining as described in Gao et al. 2015. For this experiment, female flies that were
used for the vigorous courting group were W1118 virgins.

Quantification of change in fluorescence:
Images were analyzed with Fiji. For measuring fluorescence of a cell, Z stacks of trick signals
were analyzed using OlympusViewer plugin (imagej) Ver.2.3.1. Individual regions of interest
were manually added using drawing/selection tools. Using the analyze menu, measurements
were set to INTEGRATED DENSITY and MEAN GRAY VALUE. All other measurement
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parameters were kept at default. All calculations were made using the Calculate the Corrected
Total Cell Fluorescence equation (Sharkawey, 2016):

CTCF = Integrated Density - (Area of selected cell X Mean
fluorescence of background readings)
For mean background reading individual regions of interest were manually added as described
above from a non-fluorescent region of the same fly. A step-by-step protocol for CTCF
calculations in Fiji can be found at: ‘https://theolb.readthedocs.io/en/latest/imaging/measuringcell-fluorescence-using-imagej.html’
All statistical analysis for TRIC was performed in GraphPad Prism v.6.01 (GraphPad Software,
La Jolla, CA).

Transcriptomic analysis:
All gene searches were done using the adult VNC transcriptomic atlas uploaded to
‘scope.aertslab.org’ generated and described in Allen et al. 2020. To narrow down candidate
ascending histaminergic neurons (AHNs), we searched for clusters of cells expressing the
histidine decarboxylase (Hdc) gene. To further simplify our search, we used expression of hox
genes antennapedia (Antp) and ultrabithorax (Ubx) to locate cells likely to be found in the
mesothoracic and metathoracic neuromeres, respectively. Selective gene hits were confirmed
using t2a GAL4 driver lines available and counterstaining for histamine to confirm co-labeling
with the AHNs. All genes and their respective transcript levels (transcripts per kilobase million)
were downloaded into an excel sheet and then exported as a csv. To keep a consistent intensity
scale across each matrix, all transcript levels were normalized within each gene category.
Heatmaps were generated in Python (version 3.7) using the Jupyter notebook interface and
seaborn v.0.11.1 (Michael Waskom and the seaborn development team) and pandas library
v.1.2.3 (The pandas development team).
Connectomic Analysis
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Synaptic partners described in the VNC were reconstructed in FANC dataset as described in
Phelps et al. 2020. To identify synaptic partners, we first identified post and presynaptic sites of
the AHNs and marked the site accordingly. In a joint effort with members in our lab, as well as
our collaborators in the Daly and Wei lab, we began to reconstruct synaptic partners in
CATMAID (Collaborative Annotation Toolkit for Massive Amounts of Image Data, Saalfeld et al.
2009).
RESULTS
The Ascending Histaminergic Neurons
The ascending histaminergic circuit is comprised of two pairs of cells, with ventral cell
bodies residing in different neuromeres of the VNC. Using multi-color flip out (MCFO), a
technique to stochastically label single clones from a Gal4 line that includes the AHNs, we were
able to visualize each cell and its projections (Nern et al. 2015) (Figure 1). The first pair have
somas in the mesothoracic neuromere of the VNC (MsAHNs). Both MsAHNs, have extensive
bilateral branching throughout middle leg, wing and tectulum neuropils (Figure 1D). In the brain,
the MsAHNs continue a bilateral pattern, targeting the SEZ and saddle (Figure 1C). The second
pair of the AHNs have ventral cell bodies in the metathoracic neuromere of the VNC (MtAHNs).
Unlike the MsAHNs, each MtAHNs innervate the contralateral leg and wing neuropils of the
VNC (Figure 1B). They also have extensive branching in all three layers of the tectulum,
especially in the portion of tectulum which hovers above the metathoracic neuropils.
Interestingly, the MtAHNs share some commonality in the target neuropils in the brain. Though
the MtAHNs predominantly target the AMMC (Figure 1A), however, the MtAHNs also send
some branches to the saddle (Figure 2C).
Each AHN innervates neuropils in the VNC associated with sensory and motor
processing of the legs and wings, with branching in brain neuropils associated with
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mechanosensation and vibration sensing. We next wanted to see where within each neuropil
the AHNs were predominantly sending output and receiving input. To address this, we labeled
for ICAM5 (a dendritic and somatic marker) and synaptotagmin (an active zone marker), with
RFP and GFP, respectively (Figure 3). Though we were able to obtain a GAL4 driver line for the
MtAHNs exclusively, we were unable to find a GAL4 line for the MsAHNs. To address this, I
compared the MsAHN skeletons from an EM dataset of the Drosophila VNC (Wei lab at
Harvard) showing pre and post synaptic sites with transgenic data described above.
Within the VNC, labeling for synaptotagmin shows the MtAHNs send axons broadly
throughout the leg neuropils of the prothoracic, mesothoracic and metathoracic segments.
ICAM5 labeling showed dense thickets of dendrites in the wing neuropil, and portions of
tectulum across the mesothoracic and metathoracic segments (Figure 2A & 2B). In the brain,
labeling for synaptotagmin is visualized in the AMMC, SEZ and saddle but very little ICAM5 is
detected, suggesting brain-targets of the MtAHNs are primarily for output (Figure 2C & 2D). The
MsAHNs have a similar axonal projection pattern but innervate both contralateral and ipsilateral
leg neuropils. ICAM5 labeling shows a less condensed area of input, sending dendrites
throughout T1 and T2 but do not innervate T3, as the MtAHNs (Figure 2E).
Using histamine labeling and receptor expression to identify neural targets
Though histamine is the primary fast transmitter for vision, within the VNC, there are only
~16-18 histamine expressing cells which have been identified. Within the first three segments of
the VNC, only ~4 histamine cells can be visualized in neuromeres outside of the abdominal
segment, with widespread histamine labeling across all VNC neuromeres (Figure 3A). We
sought to determine what proportion of histamine in the VNC and brain is contributed by the
AHNs. To address this question, we used heat shock-activated diphtheria toxin under control of
a UAS/GAL4 to knockout both AHNs. Interestingly, with ablating the AHNs, there was a loss of
histamine labeling in all thoracic neuromeres of the VNC, with the exception of the abdominal
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neuromeres (Figure 3B). Additionally, in the brain, there was a total loss of histamine labeling in
the SEZ, AMMC, saddle and vest neuropils (3C & 3D). This suggests that while only comprised
of 4 cells, the AHNs provide the bulk of histamine in the VNC and are the sole source of
histamine in the AMMC and saddle (Figure 3).
Keeping in mind that neuropils targeted by the AHNs appear to receive histamine solely
from the AHNs, we next focused on expression of histamine receptors in these output neuropils.
In insects, there are only two histamine receptors, both of which are fast inhibitory ionotropic
chloride channels-- HisClA and HisClB. While histamine receptors have been implicated in
insect photoreception as well as temperature sensing (Hong et al., 2006; Rister et al., 2007), we
sought to visualize neural populations within our target neuropils which expressed one of the
two receptors. Using MCFO and T2A GAL4 driver lines for HisClA and HisClB receptors, we
were able to visualize receptor expression in the CNS. In the brain, HisClA was strongly
expressed in the optic lobe as expected (Figure 4A), but interestingly HisClA was not visualized
in the AMMC, saddle, vest or SEZ (Figure 4A & 4A’’). In the AMMC, HisClB receptor expression
appears to be robust and widespread in Johnston’s Organ neurons (JONs) (Figure 4B) but does
not appear to be expressed in projection neurons of the saddle or neurons of the vest (Figure
4B’ & 4B’’). This suggests the AHNs are likely providing broad inhibition to the sensory afferents
involved in processing sound and mechanosensation. Additionally, the AHNs have been shown
to synapse onto JONs (personal communication Dr. Han Cheong, data not shown) in the FAFB
EM dataset of the adult Drosophila brain (Zheng et al., 2018). Within the VNC, HisClB appears
to be strongly expressed in leg, wing and haltere sensory afferents running in from the periphery
to the CNS (Figure 4C). It should be noted however, that it is difficult to tell at this time what
specific types of sensory afferents are expressing the histamine receptor. The HisClA receptors
appear to be expressed in the VNC as well, labeling both ascending and descending neurons. It
was difficult to identify specific ascending neurons expressing the HisClA receptor, however the
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MCFO images allowed us to identify two descending neurons. The first, was DNp28 a
descending neuron (data not shown) with somas in the posterior surface of the brain that have a
direct medial projection in the VNC and very little branching within the VNC (Namiki et al.,
2018). The second, appears to be an unpublished descending neuron (DNb, Namiki et al. 2018
nomenclature) (Figure 4D) with cell bodies in the ventral portion of the brain. Within the VNC, it
has broad singular branches that project to each leg neuropil bilaterally.
Though the transgenic approaches discussed so far are powerful tools in resolving
connectivity, we were also able to reconstruct neural targets of the AHNs in 3D using an EM
dataset of the adult female VNC (collaboration with Wei lab at Harvard). Both pairs of AHNs
target a diverse range of neuron types. The MtAHNs extensively target projection neurons in the
VNC, as well as ascending and local neurons (Figure 7B) The MsAHNs downstream partners
have not been traced enough to say if there is a similar trend. Interestingly, the connectome
data yielded populations of cells outside what we were able to visualize using reporters of
histamine receptor translation. Could it be that our driver lines for histamine receptors only had
a subset of the downstream partners of the AHNs or could it be that there are other transmitters
released by the AHNs? This led us to hypothesize that the AHNs were targeting other
populations of neurons via additional transmitters.
To explore if the AHNs were targeting other neural populations via other
neurotransmitters and peptides, we used a transcriptome dataset of the adult VNC (Allen et al.
2020). We were able to produce gene expression profiles for candidate AHNs using the
histidine decarboxylase (Hdc; the rate limiting enzyme in the synthesis of histamine) and the
hox genes for the mesothoracic (Antennapedia) and metathoracic neuromeres (Ultrabithorax),
to narrow down cells. Among the hits we got for genes associated with different transmitters and
peptides, we found that diuretic hormone 44 (DH44) was expressed in candidate AHNs of the
metathoracic neuromeres (putative MtAHNs; Figure 5). Indeed, we were able to confirm using a
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T2A GAL4 driver line for DH44, that the MtAHNs express this neuropeptide. Though DH44 is
well known for regulating secretion by Malpighian tubules in Drosophila (Cabrero et al., 2002) it
has also been implicated in playing important roles in modulating chemosensory response,
postprandial sleep and starvation-induced sleep suppression (Murakami et al., 2016; Murphy et
al., 2016). Interestingly, there are several second order auditory neurons which the AHNs
synapse upon such as the AMMC B1 projection neurons (personal communication, Han
Cheong, Janelia Research Campus, data not show), but do not appear to express the HisClB
receptor. We further inquired if DH44 receptors were expressed in the AMMC, saddle and vest.
Indeed, there was extensive labeling for DH44-R2 in the AMMC, saddle and vest, including the
B1 AMMC projection neurons (Lai et al., 2012). This suggests that in addition to targeting
sensory afferents in the AMMC, they also release the neuropeptide DH44 onto second order
mechanosensory neurons.

Identifying neural inputs to the AHNs
CD circuits provide information about motor activity to sensory processing centers. If the
AHNs are functioning as a true CD circuit, we expect to see significant input from neural entities
like motor neurons themselves or descending neurons carrying motor commands. To identify
upstream synaptic partners, we used the VNC EM volume (in collaboration with Wei lab at
Harvard) and reconstructed neural inputs in 3D. The AHNs receive a significant amount of input
from descending neurons. Thus far, roughly 1/3 of upstream partners have been traced out for
the MtAHNs. Of that 1/3, over 50% of input is being provided by descending neurons (Figure
7A). While the MsAHN upstream partners are traced to a lesser extent, thus far, they appear to
follow a similar trend with ~45-50% synaptic input from descending neurons (Figure 7A)
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Within the descending neurons synapsing onto the AHNs, there are some differences in
which AHNs are targeted. For instance, some descending neurons target only one AHN pair,
while others synapse onto a single cell or three or more of the cells (Figure 7C). Additionally,
there appears to be some reciprocity among the AHNs. The left and right MsAHN appear to
have a reciprocal relationship, with each synapsing on to the other (Figure 7C). Thus far, we
have found that the right MtAHN synapses onto the left, however this is not reciprocated. It
should be noted that among all examples there are very few synapses dedicated to this. It
should be noted that while the AHNs receive most of their input from descending neurons, there
are local and projection neurons, and ascending neuron that target the AHNs as well (Figure 7A
& C)
In collaboration with Janelia research campus, we have begun to identify specific
populations of descending neurons, which provide input to the AHNs. One class of descending
neurons providing significant input is the DNg02s, which have cell bodies originating in the
gnathal ganglia (Namiki et al. 2018). Morphologically, the DNg02s have dendrites projecting
anteriorly in the brain (Figure 8A), with axons descending to dorsal portions of the VNC, where
the vast majority of the AHN dendrites are found (Figure 8C). We next sought to determine the
transmitter content of the DNg02s to predict how they affect the AHNs. Using a LexA line
labeling for ChAT, and a split-GAL4 containing a population of DNg02s, we were able to confirm
that the DNg02s are cholinergic. Thus the DNg02s likely provide excitatory input to the AHNs
(Figure 8B).
There are many different neurotransmitters and peptides which vary in how they affect a
cell. To further explore the context of input provided to the AHNs, I again utilized the
transcriptomic VNC dataset (Allen et al. 2018), to identify what types of transmitters can affect
the AHNs. Using the transcriptome, we were able to search for different receptors expressed

by the AHNs. We found that candidate AHNs express a diverse display of receptors including
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the dopamine 2-like receptor Dop2R, nicotinic acetylcholine alpha6 (nAChRalpha6) and the
glutamate A1 receptor (Figure 9) To confirm these predictions, we searched through a genespecific T2A library for GAL4 driver lines (Kondo et al. 2019) and found reporter lines for our
receptors of interest. To confirm co-expression by the AHNs, I counterstained for histamine.
Interestingly, there were differences in receptor expression between the two pairs of AHNs. For
example, both pairs express the GluRA1 receptor (Figure 10A) and the nACh6 (Figure 10B)
receptor, but only the MtAHNs express the dopamine 2-like (Figure 10C). This suggests that
while the AHNs share commonalities in synaptic input, both pairs also affected by different
populations of neurons.
Identifying the behavioral context of AHNs activation
The final goal of this chapter was to examine behavioral contexts at which the AHNs
become active. Using a transcriptional intracellular reporter for calcium, we were able to
examine changes in fluorescence as result of increased GFP expression to quantify activation
(TRIC, Gao et al. 2015). Because the AHNs send their axons to the AMMC and saddle, we
hypothesized that they may play a role in mechanosensation and processing of sound. An
important component of the courtship repertoire is the production of a courtship song by the
male, which the females summate with other cues to select a mate (Villella et al. 2008). With
that in mind, we asked if the AHNs appear to show differential activation in males that have
undertaken repeated bouts of courtship compared to flies kept in isolation (Figure 11). The
MtAHNs appear to be activated in both groups showing no significant difference between
vigorously courting males and males kept in solitary (unpaired t-test; p=0.0972) (Figure 11A).
However, the MsAHNs appear to have a significantly lower level of activation than the MtAHNs
(unpaired t-test; p= 0.0156; Figure 11B). This suggest that the MtAHNs may have a higher
baseline of activity than the MsAHNs or that the MsAHNs become activated under a more
complex motor behavior.
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CONCLUSIONS
The goal of this thesis was to characterize the connectivity of an ascending
histaminergic circuit (AHNs) at a single-cell level, as well as describe contexts of activation.
Higher order CD circuits generally target second order sensory neurons and assist in stabilizing
perception, as opposed to lower order CD circuits which directly inhibit sensory afferents to filter
out self-produced sensory activation. To be a true CD circuit, our neurons must receive motor
information and target neurons along the sensory-motor pathway (Craspe & Sommer, 2008).
The homologs of this circuit, in Manduca sexta, were shown to be a higher order CD circuit for
olfaction (Chapman et al. 2018), however the circuit in Drosophila does not target the antennal
lobe. We explored if the AHNs target neurons along another sensory pathway and if they are
receiving input from motor networks. CD circuits exist in two categories which create a
dichotomy in how they influence sensory processing. Overall, I show that over half of the
identified synaptic input to the AHNs derives from descending neurons carrying motor
commands. One population of descending neurons, the DNg02s, provide nearly 150 synapses
to the AHNs and are presumed to provide excitatory input, as they are cholinergic.
As mentioned previously, CD circuits intervene along the sensory-motor pathway to
compensate for self-produced sensation. If the AHNs are functioning as a lower order CD
circuit, we expect to see inhibition of sensory afferents. Indeed, the MtAHNs synapse onto
Johnston Organ neurons (JONs) in the FAFB volume (Personal communication, Han Cheong)
and I show that JONs express the histamine gated chloride channel HisClB, which likely allows
fast inhibition of JONs by the AHNs. However, I show that the MtAHNs also release the
neuropeptide DH44. In the saddle, a region where the MtAHNs send output, we show that
AMMC B1 projection neurons (Lai et al. 2012) express the Dh44 receptor 2. This is consistent
with findings from other groups that the MtAHNs synapse onto AMMC B1 projection neurons in
the FAFB dataset (personal communication, Han Cheong, Janelia Research Campus). This
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suggests that the MtAHNs may also intervene at the level of second order mechanosensory
neurons.
The HisClB receptor would allow for fast inhibitory synaptic transmission onto primary
sensory afferents (the JONs) which transduce mechanosensory stimuli like sound, wind and
gravity (Kamikouchi et al., 2009; Yorozu et al., 2009.). Fast inhibitory action on primary sensory
afferents could be the result of AHNs functioning in sensory gating. Sensory gating allows for
the CNS to cancel irrelevant stimuli. However, neuropeptide release could take on a more
prolonged effect with more opportunity for signal amplification, as all neuropeptides receptors
are G-protein coupled (van den Pol, 2012). The DH44 receptor is a secretin-like receptor (type
B GPCRs)(Li et al. 2020) with high conservation of CRF-like signaling, however there is still little
known about the functionality of the DH44 GPCR signaling pathway in insects (Hector et al.
2009). Could it be that while the AHNs transmit fast inhibition to sensory afferents, they also
have slow synaptic transmission release onto the AMMC B1 projection neurons? Further
evidence of this is that AHNs also express the isoform synaptotagmin 7 (Syt7). Syt 7 has been
thought to be important for slow synaptic transmission and extra synaptic vesicle release. Syt7
has been shown to have a higher affinity for calcium than the isoform Syt1, making it a strong
candidate for asynchronous release (Quinones-Frias et al. 2021). It was shown in calyx of Held
synapses, in mice, that Syt 7 mediates asynchronous neurotransmitter release and maintains a
basal post synaptic current long after stimulation (Luo & Sudhof, 2017). Although the full
connectivity of the AHNs with AMMC projection neurons is not yet complete, my data suggest
that the AHNs may play a role in modulating auditory processing long after activation from their
upstream partners. Though the AHNs appear to target sensory afferents by fast inhibition as is
in line with lower order CD circuits, the AHNs may also have additional modulatory properties by
release of extra synaptic release that is reminiscent of higher order CD circuits.
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As previously mentioned, if the AHNs are functioning as a true CD circuit, then we
expect that upstream partners will consist of motor neurons or descending neurons. Indeed,
upstream partners of the AHNs are largely from descending neurons. Roughly 1/3 of the AHN
upstream synaptic partners have been identified as either descending, ascending, sensory,
projection or local neurons (the rest are designated as fragments). Each AHN receives over
50% of their identified input from descending neurons. There’s an estimated 250-550 (Hsu and
Bhandawat, 2016) pairs of descending neurons in the Drosophila CNS (Namiki et al. 2018).
Thus far, we show the AHNs receive extensive input from DNg02s as well as the DNg06s,
DNa10s and many other unidentified descending neurons. It has been suggested that the
majority of sensory information is processed before reaching DNs (Louis & Simpson, 2018).
Interestingly, optogenetic experiments activating single DNs produced simple repetitive
behavior, suggesting more complex behaviors are orchestrated by many combinations of
different DN populations (Cande et al. 2018). As stated earlier, the AHNs receive combinations
of descending neurons, even differing among the same segmental pair. This suggests that the
AHNs are receiving different ensembles of descending motor commands that give rise to more
complex motor behaviors.
Additionally, the AHNs also receive roughly 10-25% of their input from local interneurons
which are critical for optimal rhythmic motor output (Katz et al. 1997). It is very clear that AHNs
receive information about motor behavior, but it is likely that combinations of these DNs relaying
this information. As more upstream partners are identified, we may find that the AHNs function
to modulate sensory processing during different motor behaviors or simply effect different
components of one motor behavior.
It is too early to say conclusively how each AHN pair differ in the input they receive
about motor behavior, but it does appear that the AHNs diverge in how they modulate sensory
processing. The AHNs appear to provide fast inhibitory release on JONs and second order
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neurons along the auditory pathway, while the MtAHNs release neuropeptide DH44 onto AMMC
B1 projection neurons. However, both pairs of AHNs express synaptotagmin 7 (Syt7), which has
been shown to be important for asynchronous release. The MsAHNs may also have the ability
to provide slow synaptic release along the sensory-motor pathway. Additionally, each segmental
pair shows differential receptor expression, confirming that each pair is activated by different
neural populations. Indeed, it appears that the MtAHNs have a lower baseline of activity than
the MsAHNS or that the MtAHNs become active during more stereotyped motor behavior
(Figure 7). However, within segmental pairs, there are also differences in descending neuron
input, suggesting that each neuron is receiving a unique combination of information. Overall, I
have provided information showing that the AHNs target sensory afferents and second order
neurons and receive descending motor information, supporting our hypothesis that the AHNs
function as a CD circuit intervening along mechanosensory processing.
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CHAPTER 3: Conclusions
SUMMARY OF RESULTS
The goal of this thesis was to explore the connectivity of the ascending histaminergic
neurons (AHNs) and identify context of neural activation. We show that the AHNs target sensory
afferents, Johnston Organ neurons (JONs), but also show that the MtAHNs target second order
mechanosensory neurons by release of DH44. Further, we show that upstream inputs to the

37

AHNs come predominantly from descending neurons, in particular, cholinergic DNg02s provide
extensive excitatory input to both AHNs. Additionally, we show that while there is some
commonality in transmitter expression between both pairs of AHNs, they express different
receptors, which confirms they receive input from different neural populations. Finally, we show
that the AHNs have differential baselines of activity and do not appear to be activated by
courtship but rather the AHNs likely have differences in the motor behaviors that activate them.
Identifying neural targets of the AHNs
A trademark of lower order corollary discharge (CD) circuits is the inhibition of sensory
afferents and filtration of sensory activation. For instance, in crayfish, CD interneurons target
primary afferent depolarization interneurons to filter activation of hair cells during escape
behaviors (Krasne & Bryan, 1973). Keeping the pillars of lower CD circuits in mind, we inquired
if the AHNs target sensory afferents or second order neurons further along the sensory-motor
pathway. We show that the HisClB receptor is expressed by Johnston’s Organ neurons (JONs)
consistent with FAFB connectomics showing that the AHNs synapse onto JONs (Dr. Han
Cheong, Janelia Reseach Campus, personal communication). When the AHNs are ablated
there is total a loss of histamine labeling in the antennal mechanosensory and motor center
(AMMC) indicating the AHNs provide fast inhibition to these afferents. However, both the FAFB
and FANC datasets show more synaptic connections from the AHNs than can be accounted for
when looking at histamine receptor expression. This led to the hypothesis that though the AHNs
target sensory afferents via histamine activation of the fast inhibitor histamine-gated chloride
channel, perhaps there are other transmitters or peptides, which are used to target neurons
further in the sensory-motor pathway. Using transcriptomics and confirming with transgenic
techniques, I show that the MtAHNs express the neuropeptide, diuretic hormone 44 (DH44).
Additionally, I show that DH44 receptor is widely expressed in the AMMC, saddle and
suboesophageal zone (SEZ), including by AMMC B1 projection neurons (Lai et al. 2012) which
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our collaborators have confirmed receive synaptic input from the right MtAHN in FAFB (Dr. Han
Cheong, Janelia Research Campus, personal communication). This suggests that while the
AHNs use fast inhibitory histamine to target sensory afferents, they also release DH44 onto
second order mechanosensory neurons. DH44 receptors are G-coupled protein receptors and
likely act within a broader timescale with greater capabilities for signal amplification. Taken
together, thissuggests that while the AHNs use fast inhibitory action to filter out sensory
activation as lower order CD circuits do, the MtAHNs may also modulate second order
mechanosensory neurons outside of what we would expect in a traditional lower order CD
circuit.
Synaptic input to the AHNs
The input being received by the AHNs coincides well with the expectation that motor
information is being relayed by the AHNs. Using connectomics, we show that descending
neurons are a major source of input to the AHNs. For instance, the DNg02s provide a significant
amount of input to the AHNs with nearly 150 synapses equally distributed across all 4 AHNs. I
show that the DNg02 neurons within our splitGal4 driver line are cholinergic indicating that the
DNg02 population likely provides excitatory input to both pairs of AHNs. Additionally, we show
using connectomics that DNg06s and DNa10s also provide significant input to the AHNs.
Interestingly, the DN that provide the most input to the AHNs originate from the gnathal ganglia
(GNG). The GNG has been shown to be critical for locomotion and contains networks for
maintaining posture (Emanuel et al., 2020). Furthermore, fully decapitated insects that have total
loss of the GNG connection, show disruption of motor behaviors like decreased bouts of
sporadic walking and have a hyperextended posture (Schaefer and Ritzmann, 2001). It could be
that GNG derived DNs are providing broad information about locomotion rather than the generation of
a specific behavior. It was shown that individual activation of most descending neurons generates
simple repetitive behaviors and more complex motor behaviors likely need input from a
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combination of descending neurons (Cande et al. 2018). Further, the AHNs receive input from
many different descending neurons, some of which target all four AHNs and others only
targeting one pair or a single AHN. This suggests that while there are segmental pairs of the
AHNs, each AHNs differs in the repertoire of descending signals that they receive.
Context of activation
The AHN pairs have differential receptor expression and are targeted by only partially
overlapping upstream neurons, so each pair is likely activated under different conditions. We
explored whether the AHNs become differentially activated under certain behavioral contexts.
Because the AHNs target JONs in the AMMC, mechanosensory afferents that when perturbed,
impact startle behavior (Lehnert et al. 2013), courtship behavior (Kamikouchi et al 2009; Coen
et al. 2014) and auditory conditioning (Menda et al 2011), we hypothesized that our AHNs may
become differentially activated during courtship. If the AHNs are inhibiting JONs during bouts of
self-produced song, it follows that during courtship the MtAHNs will become active. I show that
while the MtAHNs are active, there is no significance found between MtAHN activation of flies
vigorously courting compared to flies that are kept in solitary. It appears that the MtAHNs do
however have a tonic baseline of activity that may be related to a more simple motor behavior.
MsAHN activity appears to be significantly lower than MtAHN activity. This suggest either that
MtAHNs have a higher baseline of activity than the MsAHNs or that MsAHNs may modulate a
more complex motor behavior than their metathoracic counterparts.
FUTURE DIRECTIONS
As mentioned previously, it is characteristic for lower order CD circuits to directly target
and inhibit sensory afferents as a means of filtering out sensory activation (Crapse & Sommer,
2008). Though it appears that the MtAHNs use histamine to target JONs in the AMMC, they
also intervene further along the auditory pathway via DH44 release. Could it be that the AHNs
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function as both a lower order and higher order CD circuit by way of the content they release?
Further experiments should explore how each transmitter influences behavior. For example,
does cessation of histamine release have a different behavioral outcome than cessation of
DH44 release? Moving forward, it would be interesting to see if knocking out expression or
DH44 in MtAHNs influences motor activity. I show that the MtAHNs appear to have a much
higher baseline of activity, so the MtAHNs could modulate more basic motor behaviors like
walking. Expression of GCaMP in individual pairs of AHNs in free walking flies would allow for
observation of AHN activity under different motor behaviors. Future experiments should focus
on inquiring how each AHN pair is activated under stereotyped motor behavior versus more
complex behavioral contexts.
We were able to brightly label subpopulations of JONs using the multi-color flip out
approach (MCFO, Nern et al. 2015) to show that JONs express the HisClB receptor. While heat
shock activation leads to stochastic labeling of a subset of neurons, this method could be used
to brightly label the AMMC B1 projection neurons expressing the DH44 receptor. Using a similar
approach, we could take the DH44-R2 crimic line used in chapter 2 to singly label projection
neurons of the AMMC. Additionally, this method could be used to visualize sensory afferents in
the appendages. We show that HisClB broadly labels sensory afferents running in from the
periphery. It has been shown that leg proprioceptors, mechanosensors and gustatory sensors
have morphologically and functionally distinct axonal projections (Tuthill et al. 2016). MCFO
labeling in the legs would allow for visualization of individual afferents and further classification
of downstream targets.
We show that DNg02s provide extensive, excitatory input to both AHNs. Future
experiments should explore transmitter content of the DNg06s and DNa10s to identify how they
affect the AHNs. It is possible that while some descending neurons provided excitatory input,
others, under a different context, provide inhibitory input. However, exploring information about
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the transmitter content of the descending neurons does not address the question of behavioral
significance. Future inquiry should explore how each population of descending neurons
targeting the AHNs influences behavior. For example, does optogenetic activation of the
DNg02s heighten motor activity? This question should also be addressed for behavioral
observations when stimulating the DNa10s or DNg06s. Additionally, further experiments could
explore if the DNg02s differentially activate each AHN pair. For instance, CAMPaRI2 allows you
to quantify cellular activation by use of a green to red conversion ratio (Moeyaert et al. 2018)
which could allow for observing differential activation of the AHN pairs.
Finally, our tracing data suggests that descending motor commands play a very
important role in the circuit, but we have not ruled out the possibility that other populations of
neurons target the AHNs. A very critical future direction for this project is the continuation of
identifying synaptic partners in the VNC EM dataset. While the AHNs are thoroughly traced and
review in broader processes, there are significant synaptic contributions from projection, local
and ascending neurons with widely unknown functional significance. Future endeavors should
focus on identification of these other types of synaptic inputs to the AHNs. It should also be
noted that in addition to targets in the brain, there are hundreds if not thousands of synapses on
downstream targets in the VNC. Of these, it has been shown that the AHNs synapse onto both
wing and motor neurons (data not shown). CD circuits are traditionally thought of as relaying
motor information to sensory domains, but could the circuit be playing a role in fine motor
adjustments? Continuing to trace out downstream targets could give us an idea of how
significantly the AHNs synapse onto motor neurons and to which appendage they belong.
Overall, it appears that the AHNs follow the basic criteria for a lower order CD circuit,
with fast inhibition of sensory afferents by release of histamine. However, the AHNs also target
second order mechanosensory neurons by release of the neuropeptide, DH44. It is likely that
the AHNs modulate sensory activation on a more prolonged time scale than originally thought,
42

and may have functional properties comparative to higher order CD circuits by way of different
transmitter release. Further, I show that each AHN pair has differential receptor expression,
showing that each pair is activated under different contexts. However, it appears that single
AHNs of the same segmental pair also differ in the synaptic input they receive, suggesting that
each AHN is effected by different combinations of neurons. Moving forward, it will be important
to continue identifying neural partners and their functional significance to allow a more complete
picture of how the AHNs modulated sensory processing and behavior.
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